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line  will  be  used.  Performance  in  an  E/F  band  IBCFA  will  be  evaluated,  for 


DD  , ETn  1473  EDITION  OF  I NOV  55  IS  OBSOLETE 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (HTien  D*(a  Entrrrdl 


Vo? 


SECURITY  CLASSIFICATION  OF  THIS  PAGE(TOi«n  Data  Bntarad) 


20. 

'which  the  objective  performance  is  3.0  kW  peak  power  output,  1.0  kW  average 
power  output  in  the  2-4  GHz  band,  also  with  20  dB  gain.  In  addition,  a gun 
for  I/J  band  is  to  be  designed  and  evaluated. 

The  most  important  part  of  this  program  is  the  development  of  technology 
of  the  combination  of  meander  line,  shaped  substrate,  and  coexpansive  ground 
plane.  The  shaped  substrate  concept,  including  the  laser  cutting  approach, 
was  originated  by  U.S.  Army  ERADCOM  personnel. 

The  substrate  for  the  meander  line  is  in  a ladder  configuration.  The 
electrical  properties  of  the  ladder  substrate  with  a meander  line  have  been 
found  to  be  little  different  from  the  meander  substrate  configuration.  The 
substrate  material  is  beryllia  ceramic,  which  is  necessary  for  good  thermal 
conductivity.  Laser  cutting  the  substrates  for  both  E/F  band  and  I/J  band 
has  met  with  limited  success  to  date.  The  breakage  rate  is  still  high, 
especially  for  I/J  band  dimensions. 

Copper-tungsten  composite  material  has  been  evaluated  for  the  coexpan- 
sive ground  plane.  With  the  proper  ratio  of  tungsten  to  copper,  this  material 
has  almost  exactly  the  same  thermal  coefficient  of  expansion  as  the  ceramic 
substrate.  Ladder-shaped  substrates,  metallized  by  sputtering,  have  been 
bonded  successfully  to  the  composite  material  by  copper- to-copper  diffusion, 
and  the  bonding  has  survived  repeated  heat  cycles  to  temperatures  as  hi  oh 
as  700°C. 

The  metallizing  on  one  side  of  the  substrate  must  be  meander  shaped. 

The  most  promising  approach  appears  to  be  to  metallize  the  blank  coupon, 
form  the  meander  shape  by  photo-etching,  and  then  laser  cut. 

The  E/F  band  IBCFA  design  makes  use  of  parts  and  subassemblies  from  a 
previously  existing  E/F  band  IBCFA.  The  copper  base  structure  of  the  latter 
tube  is  mated  to  the  new  experimental  design  by  yieldable  copper  support 
posts  which  accommodate  the  difference  in  thermal  expansion.  The  gating  item 
in  tube  assembly  is  the  laser-cut  substrates. 

A fixture  for  the  I/J  band  cold-test  assembly  has  been  designed  and 
built.  The  gating  item  here  is  also  the  laser-cut  substrates. 

Preliminary  I/J  band  gun  calculations  indicate  that  only  a moderately 
high  peak  current  density  (6.94  A/cm2)  is  required,  averaged  over  the  emitter 
surface.  If  a gridded  gun  is  used,  the  required  peak  current  density 
(locally  2 to  3 times  as  high)  can  still  be  achieved  easily  with  dispenser 
cathodes,  and  possibly  also  with  "Medicus"  nickel -matrix  cathodes. 
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SECTION  I 
INTRODUCTION 


The  effort  in  this  program  is  directed  toward  the  development  of  a high- 
power  broadband  low-cost  I/J  band  linear  format  injected-beam  crossed-field 
amplifier  (IBCFA)  for  electronic  warfare.  A laser-cut  shaped-substrate 
meander  line  and  circuit  will  be  used.  Performance  in  an  operating  E/F  band 
tube  will  be  evaluated,  and  a cold-test  I/J  band  meander  line  will  be  built 
and  tested.  In  addition,  a gun  design  for  I/J-band  extrapolated  from  the 
E/F-band  device  is  to  be  designed  and  evaluated. 

A major  cost  factor  in  present  IBCFAs  is  the  meander  slow-wave  struc- 
ture, which  incorporates  a meander  strip  of  copper  and  one  separate  ceramic 
insulator  supporting  each  segment  of  the  meander.  By  replacing  the  set  of 
insulators  with  a single  shaped  substrate  which  can  be  manufactured  at  moder- 
ate cost,  very  substantial  cost  savings  in  both  time  and  labor  can  be  a- 
chieved.  The  shaped-substrate  concept  was  originated  by  U.S.  Army  ERADCOM 
personnel,  and  has  been  the  subject  of  study  by  C.  Bates  and  J.  Hartley  of 
ERADCOM. 

The  objective  specifications  for  the  E/F  band  operating  model  are  as 
follows: 


Frequency  2-4  GHz 

Peak  Power  Output  3 kW 

Average  Power  Output  1 kW 

Efficiency  35% 

Gain  20  dB 

Cathode  Voltage  7 kV  (max) 

RF  Input  Impedance  50  ohms 


The  cold-test  circuit  to  be  built  for  I/J  band  is  directed  toward  the 
achievement  of  the  following  objective  specifications: 


Frequency  Range  8.5-17  GHz 

Peak  Power  Output  1 kW 

Average  Power  Output  200  W 

Efficiency  30% 

Gain  20  dB 

Cathode  Voltage  8 kV 

RF  Input  Impedance  50  ohms 
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Ridge  waveguide  outputs  are  to  be  considered  for  the  I/J  band  circuit. 

In  a previous  program  for  ERADCOM1,  IBCFAs  were  designed,  built,  and 
tested  using  simulated  shaped-substrate  meander  lines  built  with  conventional 
technology.  Excellent  power  and  efficiency  were  demonstrated  over  an  octave 
band.  Peak  power  was  in  excess  of  3 kW  over  much  of  the  band  with  normal  RF 
drive  (30-40  W)  and  beam  power  (10.5  kW).  Power  output  up  to  3.8  kW  was 
achieved  with  increased  RF  drive.  Efficient  operation  for  1,  2,  and  4 kW 
outputs  was  also  demonstrated  with  adjustment  of  operating  parameters. 

In  this  program,  actual  one-piece  shaped  substrates  are  to  be  used,  and 
one  of  the  major  portions  of  the  effort  is  directed  toward  the  technology  of 
the  meander  line  on  such  a substrate,  and  the  mounting  of  line  and  substrate 
on  a coexpansive  ground  plane.  In  other  respects,  the  technology  of  produc- 
tion IBCFAs  will  be  used  as  much  as  possible. 

For  realization  of  an  E/F  band  model,  it  is  necessary  to  develop  suit- 
able technology  with  respect  to  cutting  the  shaped  substrate  frqm  beryllia 
ceramic,  metallizing  it,  and  bonding  it  to  the  coexpansive  ground  plane  and 
to  the  meander  line  (if  the  meander  line  as  a separate  part  is  needed  in 
addition  to  the  metallization  pattern).  The  sequence  of  these  operations  has 
to  be  determined,  e.g.,  whether  the  metallization  should  be  performed  before 
or  after  cutting  the  ceramic,  etc. 

The  technology  of  manufacture  of  the  shaped-substrate  ceramic  is  crucial 
to  the  successful  performance  of  this  project.  It  is  clear  that  conventional 
methods  of  making  a single-piece  ceramic  substrate  are  inadequate,  in  terms 
of  both  feasibility  and  cost.  ERADCOM  personnel  have  done  exploratory  work 
on  laser  cutting  of  ceramic  substrates  in  a ladder  configuration,  and  a 
significant  measure  of  success  has  been  achieved.  The  configuration  of  a 
meander  line  on  a ladder-shaped  substrate  Is  shown  in  figure  1.  In  previous 
work  performed  by  Northrop  under  ERADCOM  sponsorship,  the  difference  between 
the  electrical  properties  of  a meander  line  on  a simulated  meander-shaped 

Research  and  Development  Technical  Report  No.  EC0M-75-1343-1,  Low  Cost 
Crossed-Field  Amplifier,  Final  Technical  Report,  prepared  by  Northrop  for 
U.S.  Army  Electronics  Command,  June,  1977. 
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Figure  1.  Meander  Line  on  Ladder-Shaped  Substrate 
and  Coexpansive  Base. 
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substrate  and  on  a simulated  ladder-shaped  substrate  were  found  to  be  insig- 
nificant. A meander-shaped  substrate  is  impractical  from  a mechanical  point 
of  view.  Therefore  this  project  is  based  on  the  ladder-shaped  substrate  as  a 
starting  point  for  demonstration  of  an  operating  IBCFA  in  E/F  band  and  a 
cold-test  meander  line  on  a ladder-shaped  substrate  and  coexpansive  ground 
plane  in  I/J  band. 


SECTION  II 
TECHNOLOGY 


2.1  Bonding  to  Coexpansive  Ground  Plane 

The  first  subject  considered  in  the  investigation  of  technology  for 

using  ladder-shaped  substrates  was  the  coexpansive  material  for  the  ground 

plane.  Two  different  materials  have  been  investigated.  The  first  was  beryl  - 

2 3 

lia  ceramic  with  metallization  applied  by  sputtering  ’ so  that  the  copper 
layer  is  several  skin  depths  thick  to  form  a good  RF  ground  plane  as  shown  in 
figure  2(a).  The  second  is  a composite  material  consisting  of  porous  tung- 
sten infiltrated  with  copper.  By  a proper  choice  of  the  proportion  of  copper 
and  tungsten,  the  thermal  expansion  of  the  resulting  composite  material  can 
be  made  to  match  the  thermal  expansion  of  beryl! i a ceramic  very  closely. 

This  is  shown  in  figure  2(b). 

One  more  approach  was  considered.  The  ideal  material  to  be  coexpansive 
with  a beryl lia  ceramic  substrate  is  another  piece  of  beryl! i a ceramic.  The 
disadvantage  is  that  the  tensile  and  shear  strength  of  the  ceramic  are  rela- 
tively low,  thus  complicating  the  problem  of  bonding  the  line  and  support 
assembly  to  the  other  portions  of  the  tube  structure  which  may  not  be  coex- 
pansive. A "sandwich"  consisting  of  a layer  of  beryllia  ceramic  metallized 
and  bonded  to  a layer  of  tungsten-copper  composite  was  therefore  conceived  as 
shown  in  figure  2(c).  The  beryllia  would  provide  a strictly  coexpansive 
layer  next  to  the  laser-cut  substrate,  and  the  composite  material  would  be 
brazed  to  the  supporting  structure.  A possible  example  of  a supporting 
structure  to  be  used  in  conjunction  with  a conventional  IBCFA  base  is  shown 
in  figure  3.  Cuts  are  made  in  the  supporting  copper  piece  to  form  an  array 
of  posts  which  can  yield  during  the  braze  cycle  to  take  care  of  the  differ- 
ence in  thermal  expansion. 


2 

M.L.  Cooke,  R.R.  Moats,  "Influence  of  Metal-Ceramic  Bonding  Processes  in 
Crossed-Field  Amplifier  Performance",  Conference  Record  of  1973  Conference  on 
Electron  Device  Techniques,  pp.  76-83,  IEEE,  New  York. 

3 

Final  Technical  Report,  Metal -Ceramic  Bonding,  Report  No.  AFAL-TR-77-86, 
prepared  by  Northrop  for  U.S.  Air  Force  Avionics  Laboratory,  May,  1977. 
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(b)  Coexpansive  Ground  Plane:  Copper-Tungsten  Composite 


(c)  Coexpansive  Ground  Plane:  Sandwich  of  Metallized  BeO  Ceramic  and 
Copper-Tungsten  Composite 


156-023930 

Figure  2.  Three  Possible  Configurations  for 
Coexpansive  Ground  Plane. 
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Figure  3.  Laser-Cut  Ladder  Substrate  on  Coexpansive  Ground  Plane 
Supported  on  a Base  Block  of  Conventional  CFA. 


The  sputter  metallization  process  is  preferred  to  others  because  of  the 

4 

high  tensile  strength  which  has  been  demonstrated  to  be  consistent  , the  low 
5 

RF  losses  , and  the  absence  of  a glassy  interface  layer  present  in  other 
metallizations  which  Introduces  a significant  thermal  barrier.  The  sputter 
metallization  includes  a layer  of  titanium  about  250  8 thick,  a layer  of 
molybdenum  of  1500  8 or  greater  thickness,  and  a layer  of  copper  which  is 
usually  a few  micrometers  thick.  The  molybdenum,  which  will  not  alloy  with 
copper,  forms  a barrier  against  copper  diffusion  into  the  beryllia  ceramic. 
For  I/J  band,  it  is  desirable  that  the  thickness  of  molybdenum  should  be  less 
than  2000  8 and  a nominal  value  of  1500  8 has  been  chosen  for  both  the  E/F 
band  and  the  I/J  band  substrates.  Bonding  is  accomplished  by  copper-to- 
copper  diffusion  under  pressure  and  high  temperature  (of  the  order  of  1000°C) 
in  hydrogen.  The  resulting  metal -to-ceramic  interface  has  RF  losses  sub- 
stantially equal  to  those  of  copper  alone,  and  the  thermal  impedance  at  the 
interface  is  very  small. 

As  to  the  coexpansive  composite  material  itself,  two  sources  have  been 
used.  One  material  is  Elkonite*,  and  the  other  material  was  supplied  by 
Kometco,  Inc.  The  principal  difference  is  that  the  Kometco  material  is  made 
using  0FHC  copper,  while  the  copper  in  Elkonite  is  not  so  specified.  In  both 
cases,  the  material  was  specified  to  be  62  percent  tungsten  by  volume. 

Samples  of  both  the  Kometco  material  and  Elkonite  in  the  form  of  1/32- 
inch-thick  plates  were  tested  for  vacuum  integrity.  Both  were  vacuum  tight, 
as  measured  on  a helium  mass-spectrometer  leak  detector,  before  firing. 

After  firing  at  about  1000°C  in  hydrogen,  the  Elkonite  was  porous  to  helium, 
while  the  Kometco  material  remained  vacuum  tight. 

In  the  first  bonding  experiment,  a piece  of  laser-cut  ladder-shaped 
substrate  supplied  by  ERADC0M  was  sputter  metallized  and  then  bonded  by 
copper-to-copper  diffusion  to  a metallized  beryllia  ceramic  coupon.  Bonding 
appeared  excellent.  After  25  thermal  cycles  between  room  temperature  and 
500°C  in  hydrogen,  no  degradation  was  observed. 

4Ibid. 

5 

Cooke,  Moats,  op.  cit.,  pp  76-83. 
trademark,  P.R.  Mallory  Co. 
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A similar  piece  of  ladder  substrate  was  bonded  to  a piece  of  Elkonite  by 
a similar  process.  (It  has  been  found  necessary  to  apply  a thin  layer  of 
copper  to  the  Elkonite  before  bonding).  This  assembly  was  also  temperature 
cycled  in  hydrogen,  10  times  from  room  temperature  to  700°C  and  return,  after 
which  no  degradation  was  observed.  As  a result  of  this  test,  the  beryllia 
support  and  the  "sandwich"  approach  were  put  aside,  and  further  work  has  been 
directed  toward  coexpansive  ground  planes  made  of  copper-tungsten  composite. 

A piece  of  ceramic  laser-cut  substrate  (scrap  from  an  ERADCOM  order), 
nearly  equivalent  to  a full  length  line,  was  sputter  metallized,  then  diffu- 
sion bonded  to  a supporting  piece  of  Elkonite,  which  was  brazed  to  a copper 
base  in  the  form  of  an  array  of  posts,  similar  to  the  arrangement  in  figure 
3,  but  without  beryllia  between  the  substrate  and  the  Elkonite.  There  was 
every  indication  of  sound  brazing  and  bonding  in  all  respects.  The  brazed 
assembly  is  shown  in  figure  4.  The  assembly  was  thermal  cycled  10  times  to 
700°C  and  back  to  room  temperature,  with  no  evident  deterioration.  Finally, 
examination  of  a metallurgical  cross  section  of  the  ceramic-metal  interface 
showed  that  the  bond  was  still  excellent.  (See  figure  5.)  There  was  some 
indication  that  the  Elkonite  was  bowed  or  warped.  Further  tests  are  to  be 
made  to  determine  whether  the  distortion  of  the  Elkonite  is  characteristic  of 
that  material,  or  represents  a bi-metal  kind  of  warpage. 

2.2  Cutting  Substrate  and  Forming  Meander 

In  making  meander  lines  on  ladder  substrates,  the  four  operations  which 
must  be  accomplished,  not  necessarily  in  the  following  order,  are: 

• Laser-cut  slots 

• Sputter  metallization 

• Form  meander  pattern 

• Braze  to  coexpansive  base 
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Figure  4.  Mock-up  Test  of  Ladder-Shaped  Substrate  on 
Coexpansive  Base  and  Yieldable  Posts. 
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Taking  into  account  the  obvious  constraints,  such  as  not  forming  the 
meander  pattern  before  metallizing  (but  the  meander  may  be  formed  at  the 
same  time),  and  brazing  only  after  metallizing,  the  following  sequences 
appear  to  be  possible: 

A.  Laser-cut  first,  followed  by: 

1)  sputter  and  form  meander,  then  braze. 

2)  sputter,  braze,  then  form  meander. 

B.  Sputter  first,  followed  by: 

1)  laser-cut,  form  meander,  braze. 

2)  laser-cut,  braze,  form  meander. 

3)  form  meander,  laser-cut,  braze  (or  form 
meander  when  sputtering). 

4)  braze,  form  meander,  laser-cut. 

When  sputter  metallizing  the  ceramic  ladders  after  they  are  laser-cut, 
it  is  necessary  either  to  avoid  metallization  in  the  grooves  and  on  that  part 
of  the  top  surface  which  is  not  to  be  part  of  the  meander  line,  or  to  remove 
unwanted  metallization  subsequently.  As  one  approach,  individual  shields 
were  made  by  photo-etching,  as  shown  in  figure  6.  They  were  found  suitable 
for  protecting  the  slots  during  the  sputtering,  but  were  less  satisfactory  in 
shielding  that  portion  of  the  surface  which  is  not  to  be  part  of  the  meander 
line.  A tighter  fit  would  be  necessary.  As  an  alternate,  the  part  of  the 
metallization  which  is  to  remain  is  covered  with  a photo-resist  pattern,  and 
the  unwanted  metallization  removed  by  etching. 

Laser-cutting  after  sputtering  but  before  forming  the  meander  has  been 
found  possible,  provided  the  sputtered  layer  is  quite  thin,  1 pm  or  less. 
Present  experience  indicates  the  layer  must  be  too  thin  for  adequate  RF 
conduction.  It  will  have  to  be  thickened  by  building  up  with  additional 
copper.  Thickening  of  a very  thin  meander  shape  by  electroplating  has  been 
found  in  past  work  at  Northrop  to  be  very  nonuniform.  A more  attractive 
procedure  is  to  attach  a photo-etched  meander-shaped  layer  of  copper  sheet  by 
brazing. 


14 


e 6.  Photo-Etched  Shields  for  Masking 
During  Metallization. 


To  form  the  meander  during  sputtering,  appropriate  masking  is  necessary. 
To  form  the  meander  after  sputtering,  photo-etching  appears  to  be  the  most 
feasible  process. 

Of  the  sequences  previously  listed,  the  most  promising  at  the  present 
appears  to  be  in  which  the  laser-cutting  is  performed  after  sputtering  and 
forming  the  meander,  but  before  brazing  to  the  base.  Laser-cutting  through 
the  metallizing  is  thus  avoided.  Indexing  the  laser-cutting  to  conform  to 
the  previously  formed  meander  pattern  appears  easier  than  indexing  an  etching 
mask  to  conform  to  laser-cut  slots.  Samples  have  been  prepared  for  prelimi- 
nary tests  of  this  procedure,  and  substrates  for  operating  E/F  band  CFAs,  in 
which  this  procedure  is  to  be  used,  are  in  preparation. 
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SECTION  III 
E/F  BAND  IBCFA 


1 


3.1  Design  of  Circuit 

The  meander  line  circuit  design  of  the  projected  operating  IBCFA  in  E/F 
band  was  scaled  from  data  supplied  by  ERADCOM  personnel.  A substantial 
saving  in  program  time  was  thus  achieved.  These  results  are  shown  in  figure 
7.  The  line  was  scaled  in  wavelength  to  adjust  the  frequency  corresponding 
to  a 90  degree  phase  shift  per  bar  from  3.2  to  3.5  GHz.  The  line  width 
changed  from  0.500  inch  (ERADCOM)  to  0.460  inch,  and  the  pitch  would  change 
from  0.050  inch  to  0.04b  inch  for  the  same  delay  ratio.  The  actual  value  of 
pitch  chosen  was  0.048  inch,  which  has  the  effect  of  shifting  the  delay  ratio 
(c/v  h>  from  18.4  at  the  90  degree  phase-shift  frequency  to  17.6.  The  90 
degree  phase-shift  frequency  and  the  delay  ratio  thus  correspond  more  nearly 
to  the  values  used  in  the  simulated  shaped-substrate  IBCFA®. 

3.2  Mechanical  Design 

The  width  of  the  circuit  in  the  projected  tube  is  comparable  with  the 
second  design  (flat  substrate)  made  during  the  previous  contract.  No.  DAAB07- 
75-C-1343  (Reference  No.  1),  and  with  a standard  E/F  band  IBCFA.  Therefore, 
a substantial  number  of  parts  are  common  with  existing  designs.  The  gun  will 
be  similar  to  that  used  in  the  first  design  (simulated  shaped  substrate)  of 
the  previous  contract,  except  that  its  width  is  adjusted  accordingly.  The 
base  structure  is  like  that  of  the  tubes  of  the  previous  contract,  except 
that  the  coexpansive  structure  is  supported  on  "posts",  as  in  figure  3. 

The  input  and  output  connections  will  be  coaxial,  and  the  input  and 
output  window  seals  will  be  identical  to  those  used  on  existing  IBCFAs.  The 
input  and  output  will  be  essentially  the  same  for  the  sake  of  design  simpli- 
city. The  coaxial  output  (or  input)  will  pass  through  the  line  support 
members  and  connect  to  the  line  as  shown  in  figure  8 (cross  section)  and 
figure  9 (isometric).  The  first  bar  of  the  substrate  must  be  wider  to  allow 


6EC0M-75- 1345- 1 , op.  cit. 
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Figure  7.  Experimental  Results  of  Meander  Line  on  Ladder-Shaped 
Beryl lia-Ceramic  Substrate.  (Data  supplied  by  ERADCOM) 
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a suitable  hole  through  the  substrate  for  the  center  conductor  to  be  attached. 
The  width  of  this  bar  of  the  meander  line  may  be  narrower  than  the  substrate 
as  necessary  for  RF  matching,  as  shown  in  figure  9.  The  metallizing  on  the 
meander-line  side  of  the  substrate  extends  through  the  hole.  The  opposite 
side  of  the  substrate  must  be  metallized  in  a pattern  such  that  there  will  be 
no  metallization  over  the  coaxial  region.  The  center  conductors  will  be 
brazed  to  the  hole  in  the  substrate  and  to  the  line,  if  the  line  is  a sepa- 
rate sheet  of  metal.  The  center  conductors  will  be  copper  at  this  point,  and 
will  be  hollowed  enough  at  the  end  to  allow  flexing  during  the  braze.  Their 
diameter  will  be  about  0.020  inch,  assuring  adequate  output  power  handling 
capability,  based  on  experience  with  existing  designs.  The  two  90  degree 
bends,  as  shown  in  figure  8,  allow  a little  flexing  to  accommodate  thermal 
expansion,  while  position  is  maintained  by  the  ceramic  support. 

3.3  Parts  Procurement  and  Tube  Construction 


All  of  the  machined  metal  parts  necessary  to  start  tube  construction  are 
available.  A few  ceramic  parts  of  standard  design  are  still  on  order,  and 
are  not  expected  to  cause  delays. 

The  crucial  item  is  the  laser-cut  substrates.  The  first  parts  to  be 
attempted  were  cut  without  metallizing.  Because  of  an  error  in  the  tape 
control  of  the  machine,  they  were  improperly  cut.  Efforts  are  being  made  to 
salvage  them. 


The  next  set  of  blanks  to  be  laser-cut  will  be  metallized  with  the 
meander  configuration,  and  with  "cross-hair"  locating  marks.  The  meander 
pattern  is  presently  being  etched  on  substrate  blanks. 


A number  of  photo-etched  copper  meanders  have  been  made, 
sheets  of  0.001  inch,  0.003  inch  and  0.005  inch  in  thickness, 
parts  were  too  thin  to  hold  their  shape  at  all,  but  the  other 
appear  likely  to  be  useful  if  the  best  samples  are  selected. 


using  copper 
The  0.001-inch 
two  thicknesses 
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SECTION  IV 
I/J  BAND 


1 


4.1  Circuit 

The  initial  design  for  a cold-test  model  of  the  I/J  band  circuit  is 
based  on  the  ERADCOM  data  shown  in  figure  7.  A scale  factor  of  17/4  in 
frequency  was  applied.  In  addition,  the  delay  ratio  was  changed  from  18.4  to 
12.  Based  on  experience  at  Northrop  with  IBCFAs  in  G/H  band  and  above,  a 
lower  delay  ratio  is  desired  because  it  leads  to  larger  dimensions,  less 
attenuation  on  the  circuit  per  wavelength,  and  lower  magnetic  field.  The 
lower  limit  is  dictated  by  electronic  efficiency.  For  8000  volts  cathode-to- 
line  voltage  and  B/Bcr  not  to  be  less  than  one,  the  delay  ratio  should  not 
fall  below  11.3.  A nominal  delay  ratio  of  12  was  thus  chosen. 

The  results  of  the  design  calculations  are  as  follows: 


ERADCOM  DATA 

I/J  BAND 

Frequency  Range  (GHz) 

2-4 

8.5-17 

Delay  Ratio  (0=90°) 

18.4 

12 

Pitch  (inch) 

0.050 

0.018 

Bar  Width  (inch) 

0.025 

0.009 

Slot  Length  (inch) 

0.450 

0.106 

Substrate  Thickness  (inch) 

0.017 

0.006 

The  thickness  of  the  substrate  is  chosen  to  maintain  a constant  ratio  of 
thickness  to  bar  width.  The  frequency  for  90  degree  phase  shift  per  bar  is 
about  13.5  GHz.  An  alternate  design  was  also  conceived  with  the  same  dimen- 
sions except  the  thickness,  which  is  0.009  inch.  The  latter  design  will  have 
higher  impedance  and  greater  dispersion.  Initial  work  has  been  started  with 
the  substrate  thickness  of  0.009  inch  because  of  the  great  fragility  of  these 
thin  pieces. 

Efforts  to  cut  ladders  were  started  with  coupons  completely  metallized 
with  titanium  and  molybdenum,  and  with  titanium,  molybdenum  and  copper. 
Considerable  breakage  was  experienced  in  laser-cutting  the  pieces  metallized 
with  titanium  and  molybdenum,  and  even  less  success  was  achieved  with  the 
pieces  which  had  a layer  of  copper  as  well.  Much  better  results  were  achieved 
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cutting  an  unmetallized  piece  0.010  inch  thick.  Etching  the  metallizing  to 
form  the  meander  before  laser-cutting,  the  procedure  selected  for  the  E/F 
band  tube,  may  well  be  necessary. 


Appearance  of  a laser-cut  piece  (not  a full  5G  bars  long)  was  quite 
ragged  in  the  slots.  Bar  width  was  uniform  over  the  20  bars  measured,  at 
0.0117  inch  within  a tolerance  of  about  +0.0001  inch;  the  specified  bar  width 
is  0.0090  +0.0005  inch.  The  pitch  was  uniform  and  error  was  noncumulati ve, 
the  error  typically  being  well  within  +0.0002  inch,  as  compared  with  +0.0003 
inch  specified. 

4.2  Gun  Consideration 

Design  of  the  gun  for  an  I/J  band  IBCFA  depends  on  interaction  space 
concepts.  The  interaction  space  is  assumed  to  be  the  width  of  the  line,  ie, 
length  of  the  slots  in  the  substrates  plus  twice  the  bar  width,  or  0.124  inch 
in  this  case.  The  line-sole  spacing,  d,  will  be  assumed  to  be  such  that 
0d=4  at  the  high  end  of  the  band  (where  0 is  the  propagation  constant 
corresponding  to  17  GHz).  For  a delay  ratio  of  12,  and  for  line-to-sole 
voltage  of  12  kV,  the  line-sole  spacing  is  0.037  inch,  and  the  magnetic  field 
is  5100  gauss.  This  value  is  about  twice  that  used  in  present  4-8  GHz 
IBCFAs,  which  have  a delay  ratio  range  of  12.5  to  14.  It  is  therefore  appro- 
priate to  adopt  a cathode  dimension  in  the  direction  parallel  to  electron 
flow  about  half  of  that  of  the  4-8  GHz  tube,  or  0.C90  inch.  If  peak  current 
up  to  0.5  A is  required,  then  the  average  current  density  required  of  the 
emitter,  assumed  to  be  0.124  by  0.090  inch,  is  6.94  A/cm  . 

For  a gridded  gun,  scaling  by  a factor  of  0.5  from  the  4-8  GHz  tube,  the 

grid  to  cathode  spacing  should  be  about  0.0035  inch,  the  grid  thickness 

0.003  inch,  the  grid  bars  no  more  than  0.002  inch  wide,  and  the  pitch  between 

center  of  bars  about  0.012  inch.  For  a beam  current  of  0.5  A peak,  compared 

with  1.5  A in  the  4-8  GHz  tube,  the  dimensions  may  be  a little  larger. 

Further  study  is  needed.  With  a grid,  the  local  current  density  needs  to  be 

two  to  three  times  as  much  as  the  average  value  across  the  surface.  Peak 

2 

pulse  current  densities  of  20  A/ cm  are  easily  achieved  with  dispenser  cath- 
odes, and  have  been  achieved  also  in  some  recent  samples  of  "Medicus"  nickel 
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matrix  cathodes.  Therefore,  the  available  cathode  emission  density  is  not 
expected  to  be  a problem. 

The  gun  dimensions  calculated  are  not  far  different  from  those  used  in  a 
J-band  IBCFA  previously  developed  at  Northrop*,  and  that  experience  will  be 
brought  to  bear  on  the  gun  design  required  here.  The  only  major  difference 
was  that  the  previous  gun  was  designed  for  a double  width  line;  however,  the 
magnetic  field,  voltages,  and  current  density  were  all  comparable. 

4.3  Ridge  Waveguide  Output 

A possible  output  configuration  to  improve  power  handling  capability 
would  use  WRD750D24  waveguide,  designed  to  cover  the  7.5  to  18  GHz  frequency 
range.  A transition  from  line  to  single-ridge  waveguide  is  required  where 
the  impedance  of  the  single-ridge  guide  is  approximately  equal  to  that  of  the 
line,  which  is  expected  to  be  50  to  60  ohms.  From  this  single-ridge  guide,  a 
transition  to  double-ridge  guide  along  with  a transformation  to  the  impedance 
of  the  standard  double-ridge  guide  is  necessary. 

Calculations  for  a waveguide  output  transformer  have  been  started.  In 
these  calculations,  the  type  WRD750D24  double-ridge  waveguide  was  assumed, 
for  which  the  low-frequency  cut-off  is  at  6.356  GHz.  In  the  range  of  8.5  to 
17  GHz,  the  ratio  of  guide  wavelengths  is  almost  3:1,  and  this  must  be  taken 
into  account  in  the  transformer  design.  An  upper  limit  of  3.5:1  in  impedance 
level  ratio  between  guide  and  delay  line  was  assumed,  based  on  imnedance 
calculations  in  the  guide  (about  175  ohms  at  midband).  Using  the  work  of 
Cohn^,  it  is  calculated  that  the  ideal  maximum  vswr  for  a system  of  three 
quarter-wave  transformer  sections  is  1.15:1;  for  four  quarter-wave  trans- 
former sections  the  ideal  maximum  vswr  is  1.07:1.  It  is  a straight-forward 
process  to  establish  the  initial  design  of  waveguide  transformer  using  the 


^S.B.  Cohn,  "Optimum  Design  of  Stepped  Transmission  Line  Transformers",  IRE 
Transactions  on  Microwave  Theory  and  Techniques,  Vol  MTT-3,  No.  3,  p.16, 
April,  1955. 

♦Contract  No.  F33615-72-C-1356,  U.S.  Air  Force  Avionics  Laboratory. 
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procedure  described  by  Hensperger®.  In  addition  to  the  calculations,  there 
is  some  previous  Northrop  experience  available  to  be  drawn  upon  in  the  tran- 
sition from  coaxial  to  ridge  waveguide,  including  the  present  E/F  band  and 
G/H  band  IBCFAs,  in  backward  wave  oscillators,  and  in  J-band  IBCFA  which  used 
a transition  from  1 ine-to-waveguide  inside  the  vacuum  envelope.* 

An  octave-band  waveguide  vacuum  window  presents  much  more  difficulty 
than  the  impedance  transformer.  No  kind  of  suitable  "thick"  window  (i.e., 
thickness  of  the  same  order  of  magnitude  as  one-half  guide  wavelength,  or 
greater)  is  foreseen  for  an  octave  band.  A "thin"  window  is  necessary.  At 
17  GHz,  a wavelength  in  beryllium  oxide  ( er=6.5)  is  0.272  inch.  A thin 
window  should  be  less  than  one-eighth  wavelength  (0.034  inch).  A value  of 
0.020  inch  thick  should  be  a reasonable  starting  point,  and  beryllia  ceramics 
of  high  quality  in  this  thickness  or  even  thinner  are  commercially  available. 
Other  materials  may  also  be  considered.  Window  sealing  technology  will  be 
pursued  consistent  with  the  broadband  output  requirements  of  this  device. 


®E.S.  Hensperger,  "Broadband  Stepped  Transformer  from  Rectangular  to  Double- 
ridqe  Wavequide",  IRE  Transactions  on  Microwave  Theory  and  Techniques,  Vol. 
MTT-6,  p.311,  July,  1958. 

Contract  No.  F33615-72-C- 1356 , U.S.  Air  Force  Avionics  Laboratory. 
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SECTION  V 

FURTHER  WORK  TO  BE  PERFORMED 

5.1  Technology 

Before  any  tube  construction  can  start  it  is  necessary  to  resolve  the 
question  as  to  which  sequence  to  follow  in  making  the  line-substrate  assem- 
bly. First  priority  is  presently  directed  toward  the  sequence  of  metallizing 
the  substrate  on  both  sides,  etching  out  the  meander  on  one  side,  and  then 
laser-cutting. 

An  additional  problem  is  assuring  the  flatness  of  the  assembly  after 
brazing  the  Elkonite  to  the  support  posts.  Additional  combinations  of  dummy 
parts  are  to  be  brazed  to  establish  satisfactory  design  of  parts  and  proced- 
ure. 

The  supplier  of  laser-cut  ceramic  substrates  still  has  problems.  We 
plan  to  supply  him  with  copper  heat  sinks  which  are  cut  to  the  dimensions  of 
the  substrate,  except  that  the  copper  is  dimensioned  with  0.002  inch  to 
0.003  inch  relief  relative  to  the  parts  to  be  laser-cut  (i.e.,  less  copper 
than  ceramic  after  laser-cutting).  Such  heat  sinks  carry  heat  away  from  the 
areas  not  be  cut,  while  allowing  those  areas  that  are  cut  to  be  heated  more 
easily. 

5.2  E/F  Band  IBCFA 

Two  E/F  band  IBCFAs  are  to  be  built  and  tested.  The  first  measurements 
will  be  cold-tests  of  the  circuit  to  determine  delay  ratio  (c/vp^)»  charac- 
teristic impedance,  coupling  impedance,  and  attenuation.  The  measurements  of 
delay  ratio  will  affect  the  final  dimensions  to  be  chosen  for  the  line-sole 
spacing  and  the  position  of  the  gun. 
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5.3  I/J  Band 


r " 


A sample  I/J  band  cold-test  line  is  to  be  built  and  tested  for  delay 
ratio,  characteristic  and  coupling  impedance,  and  attenuation  across  the  8.5 
to  17  GHz  band  and  a little  beyond  in  both  directions.  The  present  problem 
to  be  overcome  is  laser-cutting  the  substrate. 

An  elementary  gun  is  to  be  tested  for  its  basic  characteristics.  A 
previous  gun  design  for  J-band  CFA  will  be  reviewed  in  finalizing  the  present 
design. 

A design  for  a transition  from  the  meander  line  to  double-ridge  wave- 
guide will  be  determined.  The  design  will  be  based  on  experience  with  pre- 
vious microwave  tubes  at  Northrop. 
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Washington,  DC  20375 

Commander  1 

Naval  Electronics  Lab  Center 
ATTN:  Library 
San  Diego,  CA  92152 

Coirmander  1 

US  Naval  Ordnance  Laboratory 

ATTN:  Technical  Library 

White  Oak,  Silver  Sprg,  MD  20910 
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ADDRESS 


NO.  OF 
COPIES 
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Commander 

US  Army  Logistics  Center 
ATTN:  ATCL-MA 
Fort  Lee,  VA  23801 

Cdr,  Harry  Diamond  Laboratories 
ATTN:  Library 
2800  Power  Mill  Road 
Adel  phi,  MD  20783 

Commander 

HQ,  Fort  Huachuca 

ATTN:  Technical  Reference  Div 

Fort  Huachuca,  AZ  85613 

Commander 

US  Army  Communications  Command 

ATTN:  ACC-FD-M 

Fort  Huachuca,  AZ  85613 

Cdr,  US  Army  Research  Office 
ATTN:  DRXRO-IP 
PO  Box  12211 

Research  Triangle  Park,  NC  27709 

US  Army  Signals  Warfare  Lab. 
ATTN:  DELSW-OS 
Arlington  Hall  Station 
Arlington,  VA  22212 

Commander 

US  Army  Nuclear  Agency 
Fort  Bliss,  TX  79916 

Project  Manager,  NAVCON 
ATTN:  DRCPM-NC-TM  (T.  Daniels) 
Bldg  2539 

Fort  Monmouth,  NJ  07703 


1 


1 


1 


2 


1 


1 


1 


1 


1 


Commander  1 

US  Army  Satellite  Conn  Agency 
ATTN:  DRCPM-SC-3 
Fort  Monmouth,  NJ  07703 

TRI-TAC  Office  1 

ATTN:  TT-SE  (Dr.  Pritchard) 

Fort  Monmouth,  NJ  07703 


HQ,  US  Marine  Corps  1 

ATTN:  Code  INTS 
Washington,  DC  20380 
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ADDRESS 


Rome  Air  Development  Center 
ATTN:  Documents  Library  (TILD) 
Griffiss  AFB,  NY  13441 

Air  Force  Cambridge  Research  Lab 
L.G.  Hanscom  Field 
ATTN:  LIR 
Bedford,  MA  01730 

Armament  Development  & Test  Ctr 
ATTN:  DLOSL,  Tech  Library 
Eglin  AFB,  FL  32542 

HQ,  Air  Force  Systems  Command 
ATTN:  DLCA 
Andrews  AFB 
Washington,  DC  20331 

Director 

Air  University  Library 
ATTN:  AUL/LSE-64-285 
Maxwell  AFB,  AL  36112 

Air  Force  Systems  Coirmand 
Advanced  Systems  Div  (ASD/ENAD) 
Wright-Patterson  AFB,  OH  45433 

OSASS-RD 

Washington, 

DC  20310 

HQDA  (DARD-ARS-P/Drv.  R.B.  Watson) 
Washington, 

DC  20310 

Coitmander,  DARCOM 
ATTN:  DRCDE-D 
5001  Eisenhower  Ave. 

Alexandria,  V A 22333 

CDR,  MIR  COM 

Redstone  Scientific  Info  Ctr 
ATTN:  Chief,  Document  Section 
Redstone  Arsenal , AL  35809 

Director,  Night  Vision  Laboratory 
US  Army  Electronics  Command 
ATTN:  DRSEL-NV-D 
Fort  Belvoir,  VA  22060 


ADDRESS 


NO.  OF 
COPIES 


r f 


Chief  2 

Ofc  of  Missile  Electronic  Warfare 
Electronic  Warfare  Lab,  ECOM 
White  Sands  Missile  Range,  NM  88002 


Chief 

Intel  Material  Dev  & Support  Ofc 
Electronic  Warfare  Lab,  ECOM 
Fort  Meade,  MD  20755 

Conmander 

US  Army  Electronics  Command 
Fort  Monmouth,  NJ  07703 

DRSEL-PL-ST 

DRSEL-NL-D 

DRSEL-WL-D 

DRSEL-VL-D 

DRSEL-CT-D 

DRSEL-BL-D 

DRSEL-TL-DT  (Mr.  J.Teti) 

DRSEL-TL-BM  (Mr.  C. Bates) 

DRSEL-TL-BM  (Ofc  of  Record) 

DRSEL-TE 

DRSEL-MA-MP 

DRSEL-MS-TI 

DRSEL-GG-TD 

DRSEL-PP-I-PI  (Mr.  S.Sokolove) 

DRSEL-GS-H 

DRSEL-CG 

DRSEL-PA 

USMC-LNO 

DRSEL-RD 

TRADOC-LNO 

DRSEL-TL-D 

DRSEL-TL-B  (Mr.  I. Reingold) 
DRSEL-TL-BM  (Mr.  N.Wilson) 
DRSEL-TL-BS  (Mr.  G. Taylor) 
DRSEL-TL-BG  (Mr.  S.Scheinder) 
DRSEL-TL-DS  (Mr.  B. Reich) 

DRSEL-WL-A  (Mr.  M. Adler) 

MIT  - Lincoln  Laboratory 
ATTN:  Library  - Rm  A-082 
POB  73 

Lexington,  MA  02173 

NASA  Scientific  & Tech  Info  Facility 
ATTN:  Acquisitions  Branch  (S-AK/DL) 
PO  Box  33 

College  Park,  MD  20740 
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0 


1 

1 

1 

1 

3 

1 
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1 

1 
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1 

1 

1 

1 

2 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 
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Advisory  Group  on  Electron  Devices 
201  Varick  St,  9th  Floor 
New  York,  NY  10014 


Metals  and  Ceramics  Info  Center 

Battel le 

505  King  Avenue 

Columbus,  OH  43201 


Reliability  Analysis  Center 
Rome  Air  Development  Center 
ATTN:  J.M.  Schramp/RBRM 
Griff iss  AFB,  NY  13440 

DCASMA,  Chicago 
O' Hare  Int'l  Airport 
PO  Box  66911 
Chicago,  IL  60666 
ATTN:  H.Barcikowski 
DCRI-GCPE 


General  Electric  Company 
Electronics  Park  Library  Bldg 
Electronics  Park 

ATTN:  Yolanda  Burke,  Doc  Librarian 
Syracuse,  NY  13201 


Hughes  Aircraft  Co. 
Mail  Station  3255 
P.0.  Box  3310 
ATTN:  Mr.  Kalson 
Fullerton,  CA  92634 


Relmag  Div.,  EEV  Inc. 
1240  Highway  One 
ATTN:  Mr.  D.  Blank 
Watsonville,  CA  95076 


Raytheon  Company 
Microwave  and  Power  Tubes  Div 
Foundry  Avenue 
ATTN:  Mr.  0.  Skowron 
Waltham,  MA  02154 

Varian  Eastern  Tube  Div 
Salem  Road 

ATTN:  Dr.  G.  Farney 
Beverly,  MA  01915 


2 


1 


1 


1 


1 


1 


1 


1 
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ADDRESS 

Varian  Eastern  Tube  Dlv 
Salem  Road 
ATTN:  H.  McDowell 
Beverly,  MA  01915 

Litton  Industries 
1035  Westminster  Dr. 

ATTN:  Mr.  J.  Munger 
Williamsport,  PA  17701 

Ballistic  Missile  Defense 
Advanced  Technology  Center 
P.0.  Box  1500 
ATTN:  RDMH-D  (D.  Schenk) 
Huntsville,  AL  35807 

Naval  Electronic  Laboratory  Ctr 
271  Catalina  Blvd 
ATTN:  J.H.  Maynard,  Code  2300 
San  Diego,  CA  92152 

Commander,  AFAL 

ATTN:  AFAL/DHM,  Mr.  W.  Fritz 

Wright-Patterson  AFB,  OH  45433 

Litton  Industries 
960  Industrial  Road 
ATTN:  Dr.  J.R.M.  Vaughan 
San  Carlos,  CA  94070 

Microwave  Associates 
South  Avenue 
ATTN:  Dr.  J.  Saloom 
Burlington,  MA  01803 

Watkins-Johnson  Co. 

3333M  Hi  11  view  Ave. 

Palo  Alto,  CA  94304 

ITT  Electron  Tube  Div 
P.0.  Box  100 
Easton,  PA  18042 


1 

NO.  OF 
COPIES 

1 

1 

1 

1 


1 

1 

1 
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